Contrary to 'static' pathways that are defined once for all, this article deals with the need for policymakers to adopt a dynamic adaptive policy pathway for managing decarbonization over the period of implementation. When choosing a pathway as the most desirable option, it is important to keep in mind that each decarbonization option relies on the implementation of specific policies and instruments. But given structural, effectiveness and timing uncertainties specific to each policy option they may fail in delivering the expected outcomes in time. The possibility of diverging from an initial decarbonization trajectory to another one without incurring excessive costs should therefore be a strategic element in the design of an appropriate decarbonization strategy. The article relies on initial experiences in France and Germany on decarbonization planning and implementation to define elements for managing dynamic adjustment issues. Such an adaptive pathway strategy should combine long-lived incentives to form consistent expectations, as well as adaptive policies to improve overall robustness and resilience. We sketch key elements of a monitoring process based on an ex ante definition of leading indicators that should be assessed regularly and combined with signposts and trigger values at the subsector level.
Introduction
The energy system modelling community has extensively assessed the influence of technological and socio-economic uncertainties on low-carbon scenarios and associated costs (Markandya and Pemberton, 2010; Zeng et al., 2011; Kann and Weyant, 2000) . Specific methods like sequential decision-making (Parson and Karwat, 2011) or robust decision-making (Lempert, 2000; Groves and Lempert, 2006) have been developed to choose optimal low carbon scenarios. This literature, however, has primarily approached scenarios in a way that can be described as "static", in that they are defined once for all and no explicit plan is defined for adjusting them in the face of changing circumstance.
However, most climate mitigation strategies rely on a number of innovative solutions (i.e. technologies, behavioral patterns, policy instruments, and institutional settings) for which implementation may face difficulties over time. There is therefore much uncertainty about the effectiveness of predefined pathways. In this paper we argue that decarbonization pathways spanning several decades cannot be defined once and for all in the first year, and that given the large uncertainties, the possibility of diverging from an initial decarbonization trajectory to another without incurring dramatically higher costs should be a strategic element in the design of decarbonization policy packages. They will likely need adjustments over time depending on the success of the chosen policies (and the induced technological change) and on changes in societal preferences that will appear along the way.
Planning paradigms have emerged to deal with such deep uncertainties. They consider policies as experiments that promote learning over time (Dewey, 1927) and policymaking as part of the storyline. The first step toward adaptive planning was the assumption based planning approach developed (Dewar, 1993) as a tool for improving the adaptability and robustness of existing plans, not as a tool for creating plans. It defines contingency plans and specified conditions, called signposts and triggers, under which the plan should be reconsidered and revised. Adaptive policymaking (Walker et al., 2001 ) provides mechanisms for hedging against negative outcomes and other uncertain events, for steering toward positive outcomes, and for adapting to changing situations. A key element of dynamic adaptive policymaking is a monitoring system with related contingency actions to keep the policy on track. The Dynamic Adaptive Policy Pathways approach (Haasnoot et al., 2011; Haasnoot et al., 2012) identifies promising pathways, defined as sequences of policy actions, in advance to avoid lock-ins. Such an approach is based on triggers called 'tipping points', which are conditions at which a policy begins to perform unacceptably and requires new actions to be implemented to achieve the objectives. It introduces flexibility into the strategy (rather than into the individual actions) by sequencing the implementation of actions over time in such a way that the system is adapted over time to changing social, economic conditions, etc. Such planning paradigms have received attention in various policy domains such as water management, climate adaptation, transport policies and other fields (Swanson and Bhadwal, 2009; Walker et al., 2010 , or Haasnoot et al., 2013 , but not yet in the field of decarbonization pathways.
The contribution of this article is to analyze the adaptive adjustment dimension of designing decarbonization pathways. We will try to reveal these adjustment capabilities while comparing energy transition scenarios in Germany and France, two countries similar in terms of geography, development and culture, but characterized by marked differences in their energy systems.
A key conclusion of the paper is that a decarbonization strategy should include the possibility of diverging from an originally pursued pathway to another one without incurring excessive costs. Such an adaptive pathway strategy should combine long-lived incentives to form consistent expectations, as well as adaptive policies to improve overall robustness and resilience. A monitoring process based on different sets of indicators would help monitor progress and indicate in time when course adjustments may be needed.
In section 2, we highlight dynamic management issues specific to each decarbonization option and corresponding policies and instruments. Section 3 describes adaptive pathways issues associated with decarbonization pathways chosen in France and Germany. Section 4 proposes a framework for addressing dynamic management issues related to decarbonization pathways in order to limit the need for adjustment over time and its cost.
Structural uncertainties in transitions: policies and instruments
In this section, we identify the structural uncertainties associated with the three main decarbonization pillars identified in deep decarbonization pathways for France and Germany (Mathy et al., 2015; Hillebrandt et al., 2015) : energy efficiency, energy supply decarbonization and switching energy end-uses to lower-carbon energy carriers. We discuss the capacity of different policies and economic instruments to achieve predefined quantified targets. In doing so we aim to demonstrate and highlight that uncertainties inherent to the effectiveness and efficiency of the policies and instruments addressing each decarbonization pillar lead to specific dynamic management issues.
2.1.
Massive final energy demand reduction: the easiest way or a slow lane?
Final energy demand reduction involves both energy efficiency improvements and changes in consumer behavior. The "energy-efficiency" gap problem is well-known: even if energy efficiency improvements are justified from a standard cost-benefit analysis, such operations are difficult to trigger in real life, due to short horizons of decision-makers, substantial transaction costs and funding difficulties (Schleich and Gruber 2008; Chai and Yeo, 2012; Jaffe and Stavins, 1994) . In much of Europe, the deep thermal retrofit of buildings is often identified as the main challenge to be won in the energy transition. However, the actual triggering of large scale residential retrofitting programs has never occurred in the past. Transaction costs are substantial, funding is difficult to secure, and building owners demand a short return on investment (DeCanio, 1998) that automatically translates into a high implicit discount rate. The "Landlord-Tenant dilemma" is also a major issue: the landlord is supposed to commission the operation, but as he does not pay for energy consumption, he usually has little incentive to invest in the energy efficiency of the dwelling.
Various policies can narrow the gap between collective and individual rationales, through subsidies or environmental taxes, but special attention must be paid in order to avoid adverse effects on public or households' budgets. Success will depend, to a large extent, on the government's ability to frame policies (i.e. articulating energy prices, suitable funding, lower transaction costs), professional training and adequate business structures to stimulate building retrofitting at a very large scale (Bullier and Milin, 2013) .
Deep decarbonization of energy supply: no silver bullet!
There are several options for decarbonizing the energy supply: renewable energy sources, nuclear or fossil fuels with carbon capture and storage (CCS) for electricity, biofuels, hydrogen, and synthetic gases and liquids. But every option faces challenges and technology specific uncertainties. In the following section we will make this point by focusing on the decarbonization of electricity generation.
The first challenge for the massive deployment of low-carbon technologies for electricity generation corresponds to the fact that for the most part they still depend on significant subsidies. However, many electricity generation technologies using renewable energy sources have become much more cost-competitive in recent years, partly due to economies of scale driven by these selfsame subsidies. Environmental and climate policies have accelerated the pace of innovation in low carbon technologies (Dechezleprêtre et al., 2011) . It has been found that different types of policy instruments are effective for different renewable energy sources. Broad-based policies, such as tradable energy certificates, are more likely to induce innovation in technologies that are close to competitive with fossil fuels. More targeted subsidies, such as feed-in tariffs, are needed to induce innovation in more costly energy technologies, such as solar PV in the past (Johnstone et al., 2010 ). But maintaining a high level of incentives for a rapid development of renewables can quickly become unsustainable (Marcantoni and Ellerman, 2015) unless cost-competitiveness is reached fairly rapidly.
The second limit refers to the integration of high shares of variable renewable electricity (VRE) in the grid (Hirth et al., 2015) . Several deep decarbonization scenarios granting priority to renewables project 50% or more VRE in the electricity mix (DDPP, 2015) . Even at relatively low VRE market shares -less than 30% -the network incurs various system costs: transmission costs for connecting more widely dispersed generating plants, the buildup of reserve capacities, market restructuring, and reoptimization of the power plant fleet to minimize ramping costs.
Increasing the share of VRE in the power generation mix poses the problem of a structural mismatch, at certain periods of the year, between the grid demands and the power supplied. At times, VRE produces a massive surplus. Research carried out in Germany and France suggests that, with current demand profiles, when VRE accounts for more than 40% of output, significant surplus production starts occurring (Wagner, 2014; Grand et al., 2014) . Unless storage or increased transmission to other jurisdictions with unmet demand are implemented, large unused production would reduce the cost-effectiveness of VRE, but both options have costs.
Focusing on nuclear energy would also require removing significant barriers. The increasing size and complexity of third-generation nuclear plants lead to significant delays in the building of the first third-generation projects in Finland and France, delays already manifesting in the secondgeneration's steadily rising costs (Grübler, 2010; Lévêque, 2014) . Expected costs for future thirdgeneration projects are rising. Costs for the first prototype in France were revised upwards to €6,300/MWe (Bezat, 2015) , five times the cost of the last nuclear reactor built in France (Escobar Rangel and Lévêque, 2015) . Using multiple expert elicitations, Anadon et al. (2013) show that a doubling of public nuclear RD&D is expected to result in cost reductions of only about 8% in 2030. The predicted cost for future nuclear power in France (Boccard et al., 2014) compares unfavorably against alternative power generation options. Beyond the first pilot plants, these difficulties will have to be overcome while keeping the desired level of safety, notwithstanding the commonly raised issues of waste management, potential occurrence of large-scale accidents or terrorist attacks, and social acceptability.
The development of CCS is also subject to major uncertainties. The R&D for this immature technology would be only justified if investors were certain enough about a deep decarbonization policy process with a CO 2 price sufficient to compensate for the significant additional costs of integrating CCS into power plants. Currently, the low carbon prices all around the world are not sufficient to support CCS. The number of large scale integrated CCS projects is smaller than expected a few years ago and decreasing (Kern et al., 2016) , and many of them face delays. Some projects have even been cancelled because of difficulties in assembling viable business solutions (Global CCS Institute, 2013) . The risk that this technology will not be ready on time or will prove incapable of ramping up to industrial deployment capability needs to be considered.
Switching energy end-uses to low carbon energy carriers
The third pillar is focused on the electrification of end-uses, and particularly the diffusion of electric and hybrid vehicles. However, at 2015 oil prices, the economic fundamentals of electric vehicles are frail: with an initial extra investment cost of €8,000-10,000 over a conventional car and annual energy savings of about €1,000, the payback period is at best 8 years. This is probably insufficient considering observed consumer behavior and the corresponding implicit discount rates as seen in the energy-efficiency gap. France's introduction of a €6,000 incentive for electric vehicle may help to stimulate sales, but it may endanger public finances in case of rapid take-off of electrical vehicles. A substantial and lasting reduction in the payback period would thus require both technical advances and/or a steep rise in gasoline prices, perhaps through the introduction of a carbon tax.
Specific dynamic adjustment issues of decarbonization options
As seen above, most options for decarbonization and their respective policies are characterized by uncertainties about their capacity to reach an adequate deployment level: for example, R&D may fail to deliver next generation nuclear reactors or CCS technologies at competitive costs or on time. For other options, including renewable development, electrification of end-uses or final energy demand reduction, the main technologies are already available and supply-side uncertainty is therefore much smaller, but there is uncertainty in regard to how quickly these technologies, given consumers and firms behavioral responses. There is, however, a diversified portfolio of options here (including e.g. solar energy, wind energy, biomass, building retrofit, industrial efficiency, lifestyle changes) to achieve overall targets even when a single element may fail to deliver to the expected extent. Relying on a large number of different strategies and technologies helps to preserve future options. The performance of policies may also be limited by the economic burden that subsidies and incentives may represent if costs do not decrease fast enough, or by a lack of accompanying policies addressing non-economic barriers. The specifics of each decarbonization option and their combinations need to be considered when integrating dynamic management issues within a decarbonization strategy.
Adaptive dynamic pathways issues in France and Germany
In this section we describe the debates and processes in France and Germany that lead to the main pillars of the countries' national decarbonization strategies. They implicitly delineate a narrowed range for preferred decarbonization pathways. The two countries have now reached the stage of implementation for their respective decarbonization pathways and face dynamic adjustment issues. These case studies help to identify elements that are able to address such adjustment issues.
France: "la transition énergétique"
In 2013, the National Debate on Energy Transition defined two main pillars for energy transition. The Factor Four target for emissions in 2050 (a GHG emission reduction to 25% of the level of 1990) was officially introduced in 2005. The second pillar is the reduction to 50% by 2025 of nuclear power's share in the electricity mix. This dates from the 2012 presidential election campaign, when the idea was introduced to diversify the electricity mix.
The council of the National Debate on Energy Transition launched an inventory of existing long-term low carbon energy scenarios for France. Sixteen scenarios coming from non-profits, NGOs, research centers or other stakeholder in the energy economy were selected. Preliminary analysis revealed huge differences, with electricity consumption varying for example between 280 and 840 TWh in 2050, compared with 450 TWh today (Arditi, 2012) .
Ultimately a typology of four "trajectories" appeared compliant with the dual pillars referred to above (with one exception discussed below), but very different in their structure and socio-economic implications. Two essential characteristics distinguish these pathways (Table 1) : the demand level, as measured by the reduction of total final energy demand by 2050; and the supply mix, measured by the relative weight of nuclear and renewable energy in electricity generation. Setting aside the hypothesis of a major game-changing, technological advance, it is hard to imagine a low carbon future completely at odds with the range described by these four pathways. They thus provide a plausible range of energy futures for France. At one extreme Sobriety is inspired by the scenario developed by the negaWatt French NGO and is characterized by the combination of ambitious energy conservation, energy efficiency and renewable development that makes possible a nuclear phase-out. At the other extreme Decarbonization is inspired by the scenario developed by Negatep, an NGO composed mostly of retired people from the French Atomic Energy Commission (CEA) in which nuclear power generation increases strongly under the combined effect of a major electrification process and a 75% share for nuclear power. Between the two, Efficiency is very close to the scenario elaborated by France's Environment and Energy Management Agency (ADEME), and Diversity draws on one scenario produced by the National Alliance for the Coordination of Energy Research, which adopts a balanced position between the various forms of leverage and sources of low carbon energy.
The resulting law on Energy Transition for Green Growth does not explicitly refer to these pathways. It is nevertheless fairly easy to characterize the scenario which will result from the enforcement of its provisions as the law sets clear quantitative targets (table 2) .
The law appears clearly consistent with the Efficiency pathway. Nevertheless, reaching a 50% reduction in final energy is a real challenge, particularly because of the required retrofitting of the existing building stock. If this objective cannot be effectively implemented, more decarbonized energy will be needed. This is why in France dynamic adaptive pathway management mainly refers to a tradeoff between Efficiency and Diversity, the latter of which imposes the need for more nuclear. Sobriety could also be considered as an alternative to Efficiency in the case of the decision to phaseout nuclear, but this is not currently being considered for France. By contrast, in Decarbonization, nuclear power retains its 75% share until 2050, which contradicts the official objective of reducing the nuclear share in the electricity mix to 50% in 2025. Moreover, Decarbonization is the opposite of Efficiency according to the two dimensions of the typology (Table 1) and represents a contrasted vision of the evolution toward a decarbonized energy system compared to Efficiency.
The settings for the energy transition in France clearly call a watchful dynamic management over time. Indeed, the law includes two complementary items that may allow an adaptive capability while integrating long-lived incentives. First, the future value of the carbon component of energy taxes is registered in the law: it will increase from 22€/tCO 2 in 2016 to respectively 56 and 100€/tCO 2 in 2020 and 2030 -these values are consistent with experts recommendations (Quinet, 2009) ; second, the expert committee of the National Low Carbon Strategy is currently working for the implementation of a five-year rolling process for the monitoring and adjustment of the sectoral targets. Renewables in overall consumption (%) 23% 32%
Renewables for heating (%) 38%
Renewables for fuel (%) 15%
Renewables for gas (%) 10%
Renewables for electricity (%) 40%
Nuclear power in electricity generation (%) 50%
Charging stations for electric vehicles 7 million
Thermal rehabilitation projects per year 500,000 500,000 500,000 500,000 500,000
Source: MEDDE, 2015.
Germany: "die Energiewende"
In 2010, the German government adopted its Energy Concept for an Environmentally Sound, Reliable and Affordable Energy Supply. Besides the key target of reducing GHG emissions by 40% by 2020 and by 80-95% by 2050, a variety of sub-targets were set (see table3).
As part of the Energy Concept, the government also announced that the country's existing nuclear power plants would be allowed to run longer than previously planned, until at least the mid-2030s. This controversial decision was revoked a year later following the Fukushima accident when the German government announced a nuclear phase-out by 2022, largely reverting back to the original schedule devised in the early 2000s. The climate and energy targets of the Energy Concept remained for the most part unchanged, however. BMWi and BMU, 2010; EEG, 2014; EEWärmeG, 2008; BMWi, 2015a, b; EU, 2009; UBA, 2015; AGEB, 2015a, b, c; Diefenbach et al., 2010; NPE, 2014 Rejecting nuclear power and CCS due to a lack of public and political acceptance obviously limits the options available for decarbonizing the energy supply. Furthermore, the reliance solely on renewable energy sources on the supply side makes strong final energy demand reductions more important.
In German decarbonization scenarios, renewable energy sources make up more than 30% of total primary energy supply in 2030 and more than 50% in 2050, growing from 11% in 2014. Scenarios expect final energy demand to be reduced by 40% to 47% by 2050 compared to 2010. This would require much faster efficiency increases than in the past: between 2008 and 2014 final energy productivity in Germany grew by 1.6%/yr, while in the mitigation scenarios it has to increase to 2.3%/yr between now and 2050. Reductions in final energy demand are expected to be achieved mainly by energy efficiency improvements and -to a lesser extent -reductions in energy service demand compared to a reference case.
As more than five years have passed since the adoption of the Energy Concept, some uncertainties and challenges to the German efficiency-renewables pathway have already been experienced. In general, there is no lack of technologies but a lack of a concept to bring them into the market (i.e. an answer to the question of how to shape the right institutional, cultural and social environment for a successful deployment path). This is underlined by the fact that Germany is at risk of falling short on several national climate and energy objectives for 2020, mainly due to the below-target energy intensity improvements in recent years.
Several concrete challenges have been identified (Löschel et al. 2012 (Löschel et al. , 2015 Hillebrandt et al., 2015; Fischedick, 2014) . Given the current share of electricity from renewable energy sources (33% in 2015), further flexibility options are required quickly to keep the electricity grid stable. In order to guarantee sufficient investment in those flexibility options, a new electricity market design has to be introduced which provides reliable and stable investment conditions. Concerning final energy demand reduction, 2% of the building stock needs to be retrofitted each year, but from 2005 to 2008, this rate amounted to 1%/yr only. This rate should be raised in the short-term and the depth of retrofits should be increased to avoid a lock-in resulting from the fact that buildings refurbished superficially are not expected to be renovated again before 2050. More generally, another issue for a successful "Energiewende", is the need to develop initiatives helping to ensure public acceptance for required infrastructure projects.
Since 2012, the German government has regularly published a monitoring report describing the status of implementation of "Energiewende" measures and the degree of target achievement (BMWi/BMU, 2012; BMWi, 2014a; BMWi, 2014b; BMWi, 2015c) . A number of energy system indicators describing the progress of the "Energiewende" are presented, updated and discussed. Furthermore, every three years a "progress report" is to be submitted by the government which analyses the status quo of the "Energiewende" process in the overall context and suggests -if necessary -additional policies and measures. At the end of 2014 the first progress report was released (BMWi, 2014b) . It concluded that the "Energiewende" process was well on track in some regards, such as in the increase of electricity generation from renewable sources, while additional efforts and policies were needed (and planned) in other regards, such as in the pace of energy efficiency improvements and GHG emission reductions.
Scientific support for the monitoring process is provided by an independent commission which consists of four prominent energy system researchers from different scientific institutions in Germany. They analyze each monitoring report and provide feedback from a scientific perspective. The expert commission's analyses (Löschel et al., 2012; Löschel et al., 2014a, b; Löschel et al., 2015) of the government's first four monitoring reports suggested several improvements regarding "Energiewende" measures in the areas of energy efficiency, renewables and their economic effects, but also several procedural improvements for the German government's monitoring process.
One of the procedural improvements suggested by the commission was the prioritization of "Energiewende" targets. This suggestion has meanwhile been adopted by the German government. The target structure now shows that there are overriding targets (especially GHG emission reductions and the nuclear phase out by 2022) that have highest priority, while additional targets are defined that intent to support these overriding targets. The additional targets can be subject to changes in the future if the strategies pursued need to be adjusted in order to achieve the overriding targets.
Other suggestions by the expert commission have not (yet) been adopted by the government. These include:
• advancing the set of indicators used in the monitoring reports to ensure that progress in realizing the "Energiewende" targets can be assessed more thoroughly (see suggested lead indicators in Supplementary materials) ; • focusing on a detailed analysis and assessment of developments instead of merely describing changes in indicators over time and distinguishing clearly between the role of endogenous factors (specific policies) and exogenous factors (price developments on international markets) in explaining past changes in indicators. 3.3.
The need for and potential of dynamic adjustments in France and Germany
In both countries, the national debate on energy has settled on implicit adoption of a desirable future combining high levels of renewable diffusion and an ambitious reduction in final energy demand (of about 40% to 50% by 2050 compared to today). Reaching such ambitious targets is a real challenge. The pathways laid out in both countries cannot be considered as static. Potential adjustments from the central decarbonization pathways need to be anticipated and planned for.
In France, the main uncertainty of the central decarbonization pathway is the ability to halve final energy demand and particularly to retrofit almost all the existing building stock in 35 years. The room for maneuver would be an increased use of nuclear energy. As it is not possible to be sure that the construction time of new nuclear plants could be less than 10 years, alternatives to central decarbonization pathway options should be considered in due time in a monitoring process.
In Germany the nuclear energy phase-out decision limits the range of alternatives and all available decarbonization pathways point to an intensive development of renewable energy sources and strong energy demand reductions, although behavioral changes concerning energy demand are usually considered and analyzed only to a very limited extent.
Each case study provides instructive elements to design of a comprehensive mechanism able to manage the dynamic adjustment issues related to decarbonization pathways. The German monitoring process continuously examines a set of key indicators which can help to identify in due time whether adjustments from the originally devised pathway are needed. This is a central element for managing uncertainties over time without incurring excessive costs. However, a key challenge to the dynamic management of decarbonization is that if economic actors are initially aware that the management will be "dynamic", this will modify their expectations and may lead to required investments being delayed due to a "wait-and-see", option value maximization approach by investors. In France, the adoption of an increasing carbon price trajectory between 2015 and 2030 consistent with medium and long term mitigation according to economic experts is a central piece to assure investors that their low-carbon investments will pay off irrespective of future changes to certain elements of the original decarbonization vision.
The need for combining long lived incentives and adaptive policies, through a continuous monitoring process
In this section, we describe a framework for addressing dynamic management issues related to decarbonization pathways in order to limit the need for adjustment and associated costs over time. This proposal is based on the academic literature on adaptive policies and pathways, on the specific uncertainties associated with policies and instruments needed to reach decarbonization objectives, and on the French and German experiences with deep decarbonization strategies.
The need for combining long lived incentives and adaptive policies
An adaptive pathway strategy designed to achieve a full deep decarbonization energy transition in only three or four decades should combine long lived incentives and adaptive policies. If only adaptive policies were chosen, actors could modify their expectations in negative ways associated with a "wait and see" attitude. Blyth et al. (2007) emphasize the role of long-term regulatory certainty to minimize investment risks in low carbon technologies. The implementation of a preestablished increasing carbon tax as a central price signal allows consumers and investors to form stable expectations, facilitating long-term decisions in innovation, the deployment of new infrastructure, and investment in long lived assets. Other sectoral instruments and policies will be needed to address capital costs, insurance premiums, certification of alternative technologies, structure of tax systems, land pricing, road pricing and other transport regulations. Such policies will be deployed under national constraints imposed by numerous non-energy related objectives, such as reducing government debt levels, enhancing economic activity, and investment in the context of a currently depressed economic climate, high unemployment and stagnating or declining households' purchasing power.
Robust strategies, resilient systems
In order to limit the effect of uncertainties on the implementation of the decarbonization pathway, the policies deployed must be designed to give priority to components which will make them more robust and resilient. Robustness means that preference should be given to policies suited to very different environments, at the domestic and international level (Lempert, 2000) . Resilience requires energy systems which continue to run, or at least quickly recover, in the event of crises, accidents or acute instability. Finding robust solutions hinges on the adaptation strategies, whereas solutions which enhance resilience have more to do with the nature of the technological systems deployed.
Uncertainty can be managed in such a way as to encourage robust strategies and resilient systems by distinguishing three categories of actions: policies that are common to many pathways, at least during the initial launching phase; policies that are constrained by severe inertia and delays in response or deployment, for which allowance must be made in the timing of decisions; and lastly, policies which preserve future freedom of choice, yielding high option-value.
Subject to these guidelines, all the scenarios involve rolling out policies to enhance energy efficiency and decarbonize final energy. Leading up to 2030, such policies must be deployed with approximately the same intensity in most scenarios: they are thus probably robust options to be prioritized.
For the energy efficiency and renewable energy solutions, the roll-out time is only one or two years, starting from the decision to invest. Then, the main difficulty relates to ramp-up, which must be achieved with sufficient speed and volume. As a consequence, it is necessary to trigger a large number of investment decisions by a very large number of decision-makers. The supply-side options for large generating facilities and the development of networks and storage infrastructures pose a problem of a very different nature. Such investments are often very large and indivisible, with long lead and payback times. Lastly, they are in many respects irreversible. The real-option approach can be a good methodology for exploring these issues (Kumbaroğlu et al., 2008; Yang et al., 2008; Ritzenhofen et al., 2015) . Real-options theory is an approach for economic valuation of projects under uncertainty. It focuses on the managerial flexibility (the "option") value to optimally respond to a changing scenario characterized by uncertainty. Investment decisions should consequently take into account the capacity of actions to generate option-value to acquire more information and broaden the scope of possible future outcomes.
4.3.

Framework for a monitoring process
We propose some elements for designing a monitoring process for an adaptive policy-making process. The framework follows recommendations made by Walker et al. (2001) The continuous monitoring of policy implementation will lead to the revision of energy transition policies when trigger values are reached for specific sub-sectoral targets. The definition of trigger values and policy changes needed when trigger values are reached should be done upstream of policy implementation to ensure consistency with high level strategy. The implementation of such a framework can be facilitated by the development of dynamic adaptive policy pathways such as proposed by Kwakkel et al. (2015) or by Haasnoot et al. (2013) .
Conclusion
The academic literature has extensively explored issues related to optimal choice of low-carbon scenarios given technological and socio-economic uncertainties. Such approaches, however, consider scenarios as 'static' pathways that are defined once for all and that would not need to be adjusted over time. On contrary, this article deals with the need for policymakers to adopt a dynamic adaptive policy pathway for managing decarbonization over the period of implementation. When choosing a pathway as a more desirable option, it is important to have in mind that each decarbonization option relies on the implementation of specific policies and instruments. But given structural, effectiveness and timing uncertainties specific to each policy option they may fail in delivering the expected outcomes in time. The possibility of diverging from an initial decarbonization trajectory to another one without incurring excessive costs should therefore be a strategic element in the design of an appropriate decarbonization strategy.
Experiences in France and Germany confirm the need for managing dynamic adjustment issues related to decarbonization pathways. Main pieces of the predefined decarbonisation strategy, such as the energy efficiency improvement or the level of renewable development, have been slower than expected. Nevertheless, both countries' low carbon strategies already contain instructive elements for managing dynamic adjustment issues. On the one hand, the German monitoring process contains interesting elements to identify necessary adjustments in time, and on the other hand, the determination of an increasing carbon value in France is a central strategy to ensure a stable environment for low carbon investments and thus to limit the need for adjustment over time.
On a more general level, the article proposes a framework for addressing dynamic management issues related to decarbonization pathways in order to limit the need for adjustment over time and its cost. Such an adaptive pathway strategy should combine long-lived incentives to form consistent expectations, as well as adaptive policies to improve overall robustness and resilience. We describe the beginning elements of a monitoring process based on an ex ante definition of leading indicators that should be assessed regularly and combined with signposts and trigger values at the subsector level. Conscious watchfulness for unanticipated adverse effects and potential failures of policies could limit irreversibility effects and the need for costly readjustments of the deep decarbonization policy package.
The framework for addressing such dynamic management issues in long-term decarbonization pathways needs further operational research. The definition of lead indicators, specific signposts and trigger values should be quantified for real decarbonization pathways and experimented on in real life. The assessment that the window of opportunity for a decarbonization option has closed must be foreseen early enough in order that other decarbonization options can be deployed. These research questions are of special interest and urgency following the Paris Agreement, which calls on all countries to monitor the implementation of their national contributions and review their ambition regularly.
